The absorption of electromagnetic energy causes thermal expansion and induces acoustic waves in biological tissues. Various tissues present particular characteristics in their absorption spectra. To acquire both photoacoustic and thermoacoustic images with multiple contrasts that reflect the absorption of electromagnetic energy, biological tissues are stimulated using laser and microwave pulses, respectively. Muscles with a rich blood supply strongly absorb green optical radiation, which provides excellent optical contrast. High water content tissues, such as connective tissue and muscle tissue, display high contrast to fatty tissues when imaged using microwave radiation. Most cancerous tissues have higher water and ionic concentrations, two characteristics that are also associated with angiogenesis and hemoglobin oxygen saturation. Therefore, cancer diagnosis based on information from tissue properties over an electromagnetic spectrum from microwave to optical bands can be more accurate than was previously available.
INTRODUCTION
Photoacoustic tomography (PAT) and thermoacoustic tomography (TAT) are both biological imaging techniques based on the measurement of ultrasonic waves induced by electromagnetic pulses. They can reveal those optical and electrical properties of tissues that are closely related to their physiological and pathological status. (1) (2) (3) (4) PAT employs visible or near infrared (NIR) light, while TAT uses electromagnetic radiation in the radiofrequency (RF) or microwave bands. These novel non-invasive and non-ionizing imaging modalities can potentially provide high imaging contrast based on a tissue's rate of absorption of electromagnetic radiation.
Electromagnetic energy is absorbed by biological tissues when an electromagnetic pulse, such as a laser or microwave pulse, is used to irradiate the tissues. Absorption of the electromagnetic energy generates heat and the subsequent expansion causes the emission of acoustic waves, which is called the thermoacoustic effect. This phenomenon of microwaves was once known as the microwave-auditory, or the microwave-hearing, effect in electromagnetically lossy media.(5) Later, laser technology provided a useful short-pulsed and wavelength-tunable light source for PAT. At some wavelengths of light, the absorption coefficient of blood can be 10 times higher than that of its surrounding tissues, which results in excellent intrinsic contrast for blood-vessel imaging. PAT has been successfully applied to imaging vascular structures and tumor angiogenesis a few mm under the skin.(6-9) However, due to the strong optical scattering effect in biological tissues, which enhances the effective optical absorption, light intensity and, hence, photoacoustic strength, decreases with depth approximately exponentially, with a decay constant of a few mm. Esenaliev et al. studied the imaging sensitivity of PAT on deeply embedded objects using tissue phantoms,(10) and Oraevsky et al. reported a PAT image of a ductal carcinoma at a depth of about 1.1 cm from the breast surface using a 1064-nm wavelength. (11, 12) The pulse of electromagnetic waves in the radiofrequency and microwave bands can generate acoustic signals in biological tissues. In the 1980's, several investigators employed microwave-induced thermoacoustics to image biological tissues. (13) (14) (15) (16) (17) (18) These early works did not produce significant tomographic images but did prove that microwave-induced thermoacoustic signals could be used for imaging purposes. Later, depth-resolved images in biomedical tissues were computationally reconstructed (19) (20) (21) or directly formed by the linear scanning of a focused ultrasound transducer. The latter technique is similar to an ultrasonic B-scan, except that the ultrasound is produced inside the tissue by microwave pulses. (22) (23) (24) Kruger et al. reported on thermoacoustic breast cancer imaging in vivo and called it thermoacoustic CT. (25, 26) The generation, propagation, and detection of induced acoustic signals can be described by thermal expansion, wave equations and bandwidth filtering, respectively. 27 By directing the laser or microwave pulses to a test sample, the absorbed electromagnetic energy in the tissue is transformed into thermal energy, which is then, due to thermo-elastic expansion, converted into mechanical stress. The energy deposition occurs rapidly in a time period that is much less than the thermal relaxation time and the stress relaxation time. The local pressure rise after heating can be derived
, where p ∆ is the pressure rise; β is the isobaric volume expansion coefficient; c is the speed of sound;
C p is the specific heat; and a E is the absorbed optical energy density. The behavior of photoacoustic or thermoacoustic waves was studied by Diebold and Gusev et al. based on the following non-homogenous wave equation:
where ) , ( t p r is the acoustic pressure at time t and position r and
is the heat function of the optical energy deposited in the tissues per unit volume per unit time, which can be expressed as
where ) (r A describes the optical or microwave energy deposition within the tissues at position r (structure of tissues); and ) (t I describes the shape of the irradiation pulse, which can be further expressed as
for impulse heating. The purpose of photoacoustic tomography is the reconstruction of the distribution of the optical absorption ) (r A in the tissues from a set of measured acoustic signals ) , ( t p r . For a circular scanning configuration, the exact inverse solution can be derived. In most practical image reconstructions, the algorithm can be simplified to shorten the reconstruction time. If the detection radius 0 r is much longer than the wavelength that corresponds to the central frequency of the detection device (far-field detection), we can assume 1 0 >> r k and simplify the exact inverse solution to the form of 30 
∫∫
where 0 S is the surface over which the detectors are scanned; Θ is the angle between the normal line of the detector and the vector from the detector to the reconstruction point. Figure 1 illustrates the experimental setup of optical and electrical contrast (dual contrast) imaging. A laser pulse, which is generated from a Q-switched Nd:YAG laser, or its second harmonic oscillation, at a repetition rate of 10 Hz, provides ~10-ns near infrared or green laser pulses at a wavelength of 1064 or 532 nm, respectively. The fundamental and second harmonic Q-switched Nd:YAG laser can provide 1 J or 400 mj output energy, respectively. The laser beam is expanded by a concave lens, homogenized by a ground glass and then directed onto a sample. When the system is switched to TAT, the microwave pulses transmitted from a 3-GHz microwave generator are delivered to the sample through a rectangular waveguide and then an air-filled pyramidal horn antenna with an opening of 120 mm x 88 mm. The pulse repetition rate is set to around 50 Hz for the imaging. The pulse width is measured to be 0.5 µs, and the pulse energy is estimated to be 15 mJ.
EXPERIMENTAL SETUP
Both PAT and TAT systems have multiple detection channels that can simultaneously receive thermoacoustic signals through multiple ultrasonic transducers. It is difficult to achieve both high imaging resolution (wide bandwidth) and high sensitivity using a single ultrasonic transducer. Hence, ultrasonic transducers with different central frequencies are employed to expand the detection bandwidth. PAT and TAT systems are capable of simultaneously imaging with multiple detection channels, which allows us to employ various ultrasonic transducers and optimize the detection parameters more efficiently. The nanoseconds laser pulse is much shorter than that of a microwave pulse (0.5 microseconds), and the photoacoustic signals have a broader spectrum. Therefore, higher frequency transducers can be employed in photoacoustic tomography for better imaging resolution. Generally, ultrasonic transducers, with central frequencies ranging from 2 MHz to 10 MHz, are used for PAT; while 1 MHz to 5 MHz ultrasonic transducers are used for TAT. Two 0.6 cm diameter ultrasonic transducers of 2.25 MHz (V323/2.25-MHz, Panametrics) and 3.5 MHz (V383/3.5-MHz, Panametrics) are typically employed in both PAT and TAT experiments. The transducers are fastened to a rotational apparatus and immersed in mineral oil in a plastic container. A step motor drives the rotational apparatus and then scans the transducers around the sample along a horizontal circle with the transducers always pointing horizontally to the rotation center during the scanning. The ultrasonic transducers convert the thermoacoustic energy into electronic signals, which are then amplified and filtered electronically. The electronic signals are recorded by a Gage card (CompuScope 14200, Gage Applied Technologies), averaged 20 to 100 times at each scanning stop, and then transferred to a computer for imaging based on back-projection algorithms. The sampling frequency of the oscilloscope is set to 20 or 50 MHz. Each scanning takes approximately 10 to 30 minutes. Figure 2 shows a test sample for dual contrast test. Three objects made of lard, blue gel, and white gel, respectively, are buried in a piece of porcine fat of around 10 cm in its diameter. Other porcine fat blocks will covered the objects and make them 2-3 cm deep from the surface. The blue gel possesses both optical and microwave absorption because of its blue color and high water content, respectively; the lard object has little difference from the porcine fat tissue around it as lard was extracted from porcine fat. The white gel looks white as the porcine fat but quite different in electrical properties. Figure 2 . Photograph of test sample I (Lard, blue gel and white gel in porcine fat).
RESULTS AND DISCUSSION
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The photoacoustic and thermoacoustic images of the above sample are compared in Fig. 3 . The blue gel is clearly imaged by both photoacoustic and thermoacoustic tomography as expected. In the photoacoustic image, the lard and white gel objects can also be discerned although their image intensities are much lower than that of blue gel object. The respective appearances of the lard and the white gel in the photograph demonstrate their optical contrasts. In addition to optical absorption, other physical properties, such as the thermo expansion coefficient and the acoustic speed and heat capacity, may also have contributed to the image contrast. This photoacoustic image reveals that photoacoustic tomography is very sensitive to optical contrast. The lard object is not presented in a thermoacoustic image, but both gel objects are exhibited, and they effectively demonstrate the sensitivity of thermoacoustic imaging to water content. We made an all tissue sample by burring porcine tendon and muscle objects in a porcine fat [ Fig. 4 (a) ]. The muscle object has both optical and microwave absorption because of its high blood red cell and water content. The tendon was taken from pig foot and had two layers. The outer layer of the tendon looks like a white tube, which is consisted of connective tissues of high water content; while the inner part of the tendon is a yellowish cylinder that presents different color from that of the outer white tube. The 1D photoacoustic and thermoacoustic image across the buried tendon and muscle objects are shown in Fig. 4(b) . The 2D images by photoacoustic and thermoacoustic tomography are shown in Fig. 4(c) and 4(d) , respectively. The muscle object is clearly imaged by both thermoacoustic and photoacoustic tomography. The tendon object exhibits slightly different structure in photoacoustic and thermoacoustic images. It appeared that the photoacoustic tomography images the inner cylinder of the tendon and thermoacoustic tomography presents the outer white tube of the tendon. Using only one image contrast, the whole tendon structure can not be recognized; however, the tendon constitution can be identified by comparing its thermoacoustic and photoacoustic images. 
CONCLUSION
Our experiments demonstrate that combining photoacoustic and thermoacoustic tomography can disclose both the optical and electrical properties of tissues simultaneously. The dual imaging contrasts are complementary for some biological tissue components and may reveal tissues properties more comprehensively. The imaging depth reaches 2-3 cm from the illuminated surface in these experiments but can be extended to 5 cm depending on the signal-to-noise ratio.
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